Abstract: We propose a new algorithm for the detection of ventricular fibrillation (VF) in
Introduction
The ventricular myocardium is a dynamic system which can appear synchronized in sinus rhythm or irregular, anomalous in ventricular fibrillation. [1] . The ventricular fibrillation, (VF) is the most common cause of sudden cardiac death [2] . In the non-appearance of defibrillation, VF leads to death within a few minutes, therefore, accurate and timely detection of this arrhythmia is of great clinical importance.
An implantable cardioverter/defibrillator (ICD) or an automated external defibrillator (AED) should reliably decide between shockable (e.g. VF)-, and nonshockable ECG episodes. Shockable episodes demand the urgent response of electrical defibrillation. The decision is based on different VF detection algorithms, which in the embedded, real-time software environment should reveal sufficient performance. Widely proposed methods for this level are: complexity measure, peak analysis, threshold cutting and narrow band filter algorithms [3] .
Historically, it has been accepted that VF generate stochastic ECG waveforms [4] . Using power spectral density, Kaplan et al. [5] have demonstrated, that the VF waveform exhibits characteristic similar to a non-chaotic signal. Most recent studies show that shockable ECG episodes own 80-90% determinism [6] .
In this contribution the properties of the very short ECG episodes (4 sec duration, 1000 Hz sampling rate, 12-bit amplitude resolution) are examined to the general attributes of a critical system presented by Bramwell et al. [7] . The authors demonstrated a PDF (Bramwell-Holdsworth-Pinton, BHP PDF) exists for the fluctuations in different physical systems (magnetism, Danube water level [7] ). The BHP PDF is always in systems which lack a characteristic time scale. The underlying common thread in all those applications is rooted in the attempt to quantify the fluctuations of different temporal patterns.
Method

Probability Density Function (PDF)
The universal PDF for the very short episodes of ECG recordings y can be determined by using the distribution of Fourier transform of the PDF [7] .
The intensity of the correlations within an ECG signal depends on the degrees of irregularity of the miscellaneous topological rhythm statements, and on the duration of the episodes. In a very short ECG signal the central limit theorem breaks down, consequently the limit function can be non-Gaussian. 
The gamma variables are statistically independent [7] , therefore the characteristic function ) (t  of Y is the product of the ) (t
Normalizing Y by its standard deviation y  , the r th statistical moment 
Finally, the PDF of the very short episodes of ECG is the inverse Fourier transformation of the series [4] .
-76 - (4) and the histograms of the fluctuations applying 2400 short episodes of ECG signals with shockable arrhythmias and 2400 short episodes with non-shockable arrhythmias. In the case of the shockable episodes, an excellent agreement can be seen with the universal PDF f(h), however Figure 1 contains no fitting parameters. f(h) is asymmetric, with the position for fluctuations above the mean exponentially variations, yielding a probability for a positive fluctuation that might be larger than by a normal distribution.
For the non-shockable arrhythmias, the fluctuations curve has a Gaussian characteristic; hence, the normal sinus rhythm system cannot be approximated as a non-linear system.
The specific features of shockable signals are a consequence of strong correlations and self-similarity and do not share the same universal class as the non-shockable ones. These results imply that the degree of organization in short episodes of VF is low, which may explain the lack of convergence of fractal dimension of the VF reported in the literature [4] .
To examine the linearity of the episodes, the ECG signals were analyzed with power spectral density (PSD). The PSD is the square of the coefficients in a Fourier series representation and measures the average variation of the arrhythmia at different frequencies. If the adjacent ECG points are uncorrelated, then the power spectrum will be constant, as a function of the normalized frequency. If the adjacent ECG points are correlated relative to points far apart the power spectrum will be large at small frequencies and small at large frequencies.
The PSD response of a non-shockable signal can be seen in Figure 2 . The slope of the least squares fit shows clear signs of a weakly correlated origin. 
Scaling of Higher Moments
In the very short episodes of ECG it is expected that the standard deviation y  and the mean value of the order parameter <m> scale with system size, so that a rescaled PDF is independent of the episode size.
The order parameter of ECG is a measure of the degree of order in a system; it ranges between zero for shockable arrhythmias and the saturation value for nonshockable ones. This can be expressed as:
where  is the scaling exponent [13, 14] The scaling exponents can be used as a function of n. The 2400 short episodes of ECG signals with shockable arrhythmias approximately fulfil the Eq. (5) relationship, while the 2400 short episodes with non-shockable arrhythmias show divergences from multiscaling [15] .
The multiscaling function is shown in Fig. 4 . Theoretically, the skewness and kurtosis might scale with the size of episode [7] . Nevertheless, both the short episodes of ECG signals with shockable and nonshockable arrhythmias, skewness and the kurtosis, as functions of the size, do not adapt to a power-law relationship (Fig. 5) 
Comparison with Standard Algorithm
To gain insight into the quality of our algorithm it is essential to compare the results with other VF detection algorithms under equal conditions, with very short ECG episodes (4 sec duration, 1000 Hz sampling rate, 12-bit amplitude resolution). The following methods have been considered, for details refer the noted literature:
 Threshold crossing algorithm (TCIA) [3]  VF filter algorithm (VFFA) [9]  Spectral algorithm (SPECA) [10]  Complexity measure algorithm (CPLXA) [11]  Standard exponential algorithm (STEA) [3]  Signal comparison algorithm (SCA) [3]  Wavelet based algorithm (WBA) [3]  Li algorithm (LIA) [12]  Pan-Tompkins QRS based algorithm (QRSA) [15] Table 1 shows the values for the sensitivity and the specifity of the algorithms using annotated databases: MIT-BIH malignant ventricular arrhythmia database (Massachusetts Institute of Technology (MIT), Beth Israel Hospital (BIH)), Creighton University ventricular tachyarrhytmia database (CU) and American Heart Association database (AHA). MIT BIH: MIT-BIH malignant ventricular arrhythmia database; CU: Creighton University ventricular tachyarrhythmia database; AHA: American Heart Association database; SE: sensitivity; SP: specifity; VF: ventricular fibrillation; BHPPDFA: Bramwell-Holdsworth-Pinton probability density function.
For the very short episodes the PSD algorithm yields the best value both the sensitivity and specifity, followed by the algorithms SCA and VFFA. All other algorithms present heterogeneous simulations. We can interpret here, that algorithms for QRS detection or those developed in the spectral domain are not adequate for very short episodes.
Conclusions
In this work fluctuation universality of very short ECG episodes was analyzed. The Universal Probability Density (PDF) function is the inverse Fourier transform of the statistical moments of the fluctuations within the thermodynamic limit.
For the non-shockable arrhythmias, e.g. sinus rhythm, the function has Gaussian characteristics, while in the case of shockable, the VF shows an excellent agreement with the BHP PDF, without fitting parameters. The BHP PDF is very well suited to classify the fluctuations of very short ECG episodes.
Our results show, that fluctuation analysis provides new information for the dynamics underlying VF, and allows for a better detection as compared to other algorithms.
